The doping of wide gap semiconductors is an interesting problem both from the scientific and technological point of view. A well known example of this problem is the doping of Cu 2 O. The only element which has produced an order of magnitude increase in the conductivity of Cu 2 O bulk samples is chlorine, as previously reported by us and others. However the solar cells produced with this material do not show any improvement in performances because of the reduction in the minority carrier diffusion length. In this paper we investigate the effect of other impurities in order to check their possible use as dopants and to assess their effects on the minority carrier diffusion length. Seven impurities have been introduced by evaporation on the starting copper sheet before the oxidation used to produce Cu 2 O: chromium (Cr), iron (Fe), silver (Ag), silicon (Si), sodium (Na), sulfur (S) and phosphorus (P). The experiments show that a 20 ppm of concentration of these dopants does not give any relevant effect neither on the resistivity, nor on the mobility. The effect on minority carrier diffusion length is also negligible except for sodium which produces a slight degradation of the samples.
Introduction
Cuprous oxide (Cu 2 O) is a spontaneously p-type semiconductor with a gap of 2.09 eV at room temperature. Both experiments [1] and ab initio calculations [2, 3] suggest that the p-type conductivity at high temperature is due to the presence of copper vacancies (V Cu ). Even if the ab initio calculations do not predict a donor with a small formation energy, the experiments at low temperature [4, 5] (T < 450 K) show that Cu 2 O is a compensated material with a compensation ratio N A /N D which varies from values just slightly larger than 1 to values of the order of 10 [4, 6] . The nature of the compensating donor is still controversial. The simplest idea identifies the donor centers with the oxygen vacancies (V O ) [7] , however a more refined model [8] suggests the defect complex (V Cu − V O ) as the compensating donor.
Thanks to the value of its energy gap and to the low production cost, cuprous oxide has always been considered a good candidate for low-cost solar cell and recently its use in the top cell of a multi-junction solar cell or as the host material for intermediate band solar cell, was proposed. Until now no reliable doping processes of bulk Cu 2 O has been developed and the best solar cells, with an efficiency of about 2%, were made using undoped substrates [9] .
Since the efficiency of the record solar cell is strongly limited by series resistance effects, the use of substrates with a greater conductivity could improve the device performances.
We want to stress the fact that the doping level required for a solar cell with a suitable resistance of the p-type Cu 2 O is not so difficult to achieve. Using an acceptor level located at about 0.2 eV above the valence band [10] and considering the presence of compensating donors in the typical concentration (10 14 cm −3 ), it is straightforward to show that an extrinsic acceptor concentration of 10 16 cm −3 can give a negligible voltage drop on the series resistance for a typical Cu 2 O bulk solar cell. It is important to note that these concentrations are well below the solubility limits of the impurities in Cu 2 O [11, 12] . Therefore the problem is only to find a suitable impurity for Cu 2 O which introduces a relatively shallow acceptor level without increasing too much the recombination rate for the minority carriers.
Another reason to study the impurity effects is that a large scattering of electrical data exists in the Cu 2 O literature. This is possibly related to the impurity concentration in the starting copper used for oxidation [13] . Indeed typical intrinsic defect density found in Cu 2 O is of the order of 10 15 cm −3 while the impurities concentration from the starting copper was always larger than 5 × 10 16 cm −3 (1 ppm). A systematic study of the effect of the most common impurities in Cu 2 O is therefore necessary.
Survey of doping in Cu 2 O
Looking at the literature on doping of Cu 2 O thin films, it is often concluded that the doping of Cu 2 O is a feasible task. On Cu 2 O sputtered thin films a reduction of about one order of magnitude of the resistivity was obtained by nitrogen [14] , silicon and germanium [15, 16] which gave a p-type material. A further conductivity increase, both on doped and undoped material, can be achieved by the passivation of defects by hydrogen and/or cyanide treatments even if a surprising and strong reduction of the mobility is also observed [10, [17] [18] [19] [20] [21] [22] [23] . Other tested impurities were tin (Sn) and lead (Pb) which behave as donors. However, due to the self-compensation effect induced by the copper vacancies formation [24] , they lead only to a more resistive material [16] . Nickel was also extensively studied in thin films grown by pulsed laser deposition [25, 26] . It acts as a neutral impurity which can reduce the mobility. This is in contrast with the theoretical calculation [27] .
As for electrodeposited thin films, the only tested dopant was chlorine [28, 29] , which was claimed to give a n-type Cu 2 O.
Finally we have to mention cobalt [2, 30, 31] and manganese [32, 33] which were studied in detail because of their magnetic properties. However the doping of Cu 2 O with these material does not give an appreciable reduction of the resistivity.
The doping of bulk samples is an even more difficult task. No one ever succeeded in obtaining n-type doping of a bulk Cu 2 O. It is generally accepted that n-type doping is forbidden in the thermodynamic equilibrium because of a self-compensation mechanism [24] . Even p-type doping is not easy. Some successes were obtained using chlorine [34] [35] [36] and cadmium [37] [38] [39] [40] [41] . The former gave a p-type material with a minimum resistivity of 66 Ω cm [34] while the latter gave, for a very large concentration of cadmium of about 1%, a minimum resistivity of 9 Ω cm [41] . However solar cells made with these doped substrates did not give efficiencies better than those obtained by the undoped material. In the case of chlorine this is due to a reduction of the electron diffusion length.
Several other impurities (Be [42] , Tl [41] , Si [43] , Ag [41] , Fe [37] , Al and In [41] , Co [44] ) were roughly tested but none of them gave a reduction of resistivity. At least for aluminium and indium, their ineffectiveness was explained by the formation of neutral defect complexes between these elements and the copper vacancies [45] .
In all these works the Cu 2 O doping technology was very primitive and the impurity concentration was never accurately controlled.
Preparation of Cu 2 O doped substrates
In this paper we investigate the effect of seven different impurities, chromium (Cr), iron (Fe), silver (Ag), silicon (Si), sodium (Na), sulfur (S) and phosphorus (P), from the point of view of the morphology, electrical properties and minority carrier diffusion length. The choice of these elements was dictated, in addition to their immediate availability in our laboratory, by different reasons. Chromium and iron were tried to understand if the low resistivity shown by some Trivich's samples [13, p. 35] , obtained by rolling very pure copper rods between two stainless steel cylinders, is due to the introduction of contaminants from the steel. He observed that while the rolled copper gave samples with ρ ≈ 100 − 200 Ω cm, the untreated material gave a Cu 2 O with a resistivity of the order 10
4 Ω cm. Silver and sulfur were tried because they are commonly found in most of the commercial copper. Moreover silver is the element with the largest solubility in Cu 2 O [12] and therefore this trial is the first step of a study of the heavy doping effects in Cu 2 O which will be described elsewhere. Sodium was tested because it showed a very positive effect in chalcopyrites, increasing the conductivity and the grain size [46] . Silicon was tested because it produces p-type doping in thin films and finally phosphorus was tested because it is in the fifth group like the nitrogen, which is a good dopant for Cu 2 O thin films.
In this work we have not tested divalent metals. As discussed in the previous section, some of them can increase the conductivity while others have the opposite effect. According to the simulations this behavior seems to be related to the ionic radius of the impurity [47] . We plan to test this predictions in a future work.
All dopants have been evaporated on both surfaces of the starting 99.9999% pure copper 100 µm thick: for silicon we have evaporated SiO, for the sodium the NaOH, for sulphur the CuS and for phosphorus the P 2 O 5 , while the others elements were evaporated from their elemental form. These dopant layers have been covered by a 100 nm thick layer of evaporated copper in order to avoid the evaporation of the dopant during the oxidation.
The oxidation proceeds as follows: the temperature is raised with a rate of 10°C/min up to 910°C in nitrogen flux (oxygen impurity content 5 ppm). Then a 90 min long oxidation in a partial oxygen pressure of 2.7 Torr is done. The oxidation is followed by two annealings: the first one at 1125°C for 60 min and the second one at 780°C for 600 min, both under a 0.27 Torr oxygen partial pressure. Finally, after switching to the nitrogen flux only, the sample is cooled down to 450°C and then quenched to room temperature dipping it into deionized water.
A test with 20 ppm of element with respect to the copper was performed for all dopants. Such a concentration should be high enough to give noticeable effects since it corresponds to a concentration of 10 18 cm −3 while the typical concentration of electrically active defects in undoped Cu 2 O is always of the order of 10 15 cm −3 . Iron was tried also at higher concentrations.
Experimental results and discussion
X-ray diffraction measurements do not evidence any peak except those due to the Cu 2 O phase. We want also to point out that even if we are not able to measure the impurity distribution inside the samples at these low concentrations, in a highly Ag doped test sample, SEM microanalysis measurements show that the silver is uniformly distributed with a concentration in good agreement with the evaporated metal amount.
From the morphological point of view, the samples show a slight reduction of the grain size with respect to the undoped samples obtained by the same oxidation procedure. In the undoped substrates the grain size is of the order of 1 mm or more and it is obtained after the one hour long step at 1125°C. The doped substrates have instead a grain size of about 100−300 µm, very similar to that of the undoped sample before the grain growth step. This is likely due to the presence of the impurities which can segregate at the grain boundaries, blocking the grain boundaries diffusion and therefore the grain growth. However we noticed that in the samples doped with a greater concentration of iron, about 100 ppm, the grain size increased up to several millimeters. A further increase of the iron concentration decrease the mean grain size. Presently we have no clear explanation of this phenomenon.
Another morphological consequence of the presence of impurities is an increase of the voids in the middle of the section of the doped Cu 2 O samples with respect to the undoped ones. This effect is particularly noticeable in the sample doped with 20 ppm of chromium, where the number of voids has increased so much that the two Cu 2 O scales are almost separated by a central highly defective Cu 2 O layer. This is shown in Fig. 1 where a cross section of the chromium doped sample together with an undoped one are reported. The same effect is observed in the phosphorus doped sample. This phenomenon is likely due to the presence of impurities, which can reduce the plasticity of the copper and of the cuprous oxide [48] .
On the other hand the electrical properties of the doped samples are not greatly influenced by the presence of the impurities (see Tab. 1). We have measured the resistivity and the mobility in the Van der Pauw configuration by a Bio-Rad HL5900 Hall profiler. All our trials do not show any decrease of the resistivity. Chromium, sulfur and phosphorus lead instead to a small increase of the resistivity. This could be due to the bad morphology of these three sample or to a real change of the compensation ratio. The mobility is not greatly influenced by the presence of the impurities. Indeed an impurity concentration lower than 10 18 cm −3 is probably unable to decrease a mobility which is already below 100 cm 2 /(V s). For a better characterization, we have fabricated a photoconductor and a solar cell for each substrate. All these devices have an active area of 0.5 cm 2 and a back ohmic contact made by evaporated gold. Photoconductors were fabricated evaporating a 7 nm thick semitransparent front gold contact covered by an anti-reflection layer of ZnS (32 nm) and by a gold grid. The solar cells have the same structure with the semitransparent gold substituted by a copper layer of the same thickness. Just before device preparation, a wet etching procedure (10 s in a 7 M HNO 3 solution saturated with NaCl and then 10 s in HNO 3 (65%)) has been used to remove a possible thin CuO surface layer.
On the photoconductors we have measured carrier concentration vs temperature and persistent photoconductivity decay. From the former measurement we can extract the compensation ratio N A /N D + and the energy level of the acceptors, while the latter can give some information on the nature of the donors [8] .
During the measurements, the devices were located into a liquid nitrogen cryostat in vacuum (P < 10 −5 mbar). Doped samples are very similar to the intrinsic ones: similar activation energies of the conductivity, similar value of the compensation ratio, same intensity and decay time constants for the PPC effect. The absence of doping effects due to the trivalent metals Fe and Cr can be understood considering the numerical simulation reported in the work of Wright [45] . He found that aluminium and indium in Cu 2 O easily form neutral complexes with two copper vacancies, becoming electrically inactive. These complexes have a very large binding energies of the order of 3 eV. As for the silver doping the lack of appreciable changes in the conductivity can be easily explained by the fact that silver forms the oxide Ag 2 O which has exactly the same structure of Cu 2 O.
The similarity of PPC effect in both doped and undoped samples means that the tested impurities do not affect the mechanism responsible for the PPC at variance with the behavior observed for chlorine doped samples [36] .
The only clear difference is that doped samples show an enhanced degradation rate of the photoconductivity under illumination with respect to undoped ones where this effect is almost negligible. This degradation is particularly evident in samples doped with silicon and phosphorus and it seems to be correlated with a compensation ratio very near to one.
From the capacitance-voltage measurement and quantum efficiency on solar cells we can obtain respectively the space charge region width at zero bias, the net charge N A − N D + outside the space charge region [49] and an estimate of the minority carrier diffusion length, L n [34] . All the electron diffusion lengths are about 3 µm except for sodium doped Cu 2 O which shows a clear reduction as shown in Fig. 2 . However this is not a problem because Na is not a typical impurity of the commercial copper. In conclusion the impurities tested in this work have not shown considerable effects on Cu 2 O properties. This confirms all the previous works which found that doping is not able to change the Cu 2 O conductivity more than one order of magnitude. Probably for photovoltaic applications it will be necessary to use undoped thin film as in CIS case.
